A one-parameter model of the inherent optical properties of biologically stable waters is proposed. The model is based on the results of in situ measurements of inherent optical properties that have been conducted at different seas and oceans by a number of researchers. The results of these investigations are processed to force this model to agree satisfactorily with an established regression model that connects the color index with the chlorophyll concentration. The model couples two concentrations of colored dissolved organic matter ͑concentrations of humic and fulvic acids͒ and two concentrations of suspended scattering particles ͑concentrations of terrigenic and biogenic particles͒ with the chlorophyll concentration. As a result, this model expresses all inherent properties of seawater by a single parameter, the concentration of chlorophyll.
Introduction
I describe a one-parameter model of inherent optical properties for biologically stable ͑BioSt͒ seawater. 1, 2 The working definition for biologically stable waters includes all case 1 and those case 2 waters in which clay, quartz, and detritus are absent. The idea of deriving a one-parameter model arose from the observation that the majority of in situ measurements of inherent optical properties have significant cross correlations for waters that fit the BioSt criterion. As a consequence of the cross correlation of all the inherent optical properties, we can choose any parameter as a measure for all the optical properties. This fact was utilized by the remote-sensing community by use of color indices ͑or ratios of upwelling irradiances͒ to estimate subsurface chlorophyll content.
The model is based on the results of in situ measurements of inherent optical properties that were conducted on different seas and oceans by Carder et al., 3 Clark et al., 4 Kopelevich, 5 and Prieur and Sathyendranath. 6 The pure water optical properties are taken from Pope and Fry 7 and Morel and Prieur. 8 The results of these investigations are processed with radiative-transfer simulations to force this model to agree satisfactorily with a regression between the color index and the chlorophyll concentration proposed by Morel and Gordon. 9, 10 The resulting model couples two concentrations of colored dissolved organic matter ͑concentrations of humic and fulvic acids͒ and two concentrations of suspended scattering particles ͑concentrations of terrigenic and biogenic suspensions͒ with the chlorophyll content in the 0 -12-mg͞m 3 range. The model is tested on the independently derived regression, based on experimental data by Timofeyeva, 11 that connects the diffuse attenuation coefficient with the single-scattering albedo. For the range of chlorophyll concentrations between 0 and 12 mg͞m 3 considered here, the match is in the range of experimental error, i.e., ϳ10%.
Model of Seawater Optical Properties
From an optical point of view, seawater is an absorbing and scattering medium. Light energy that propagates in water is absorbed by water molecules and dissolved organic matter ͑DOM͒ or a yellow substance or gelbstoff. Propagating light is also elastically scattered by thermal fluctuations in water ͑Rayleigh scattering͒ and by hydrosol particles suspended in water. 12, 13 The major portion of absorbed energy is transformed into heat. The rest of the absorbed energy is reemitted as Raman scattering and fluorescence. 14 -17 Elastic scattering occurs without a change in energy; only the direction of propagation changes.
All the optical properties of seawater are divided into two groups: inherent and apparent. Inherent optical properties depend only on the processes of absorption and single scattering in seawater. 18, 19 Apparent optical properties depend on inherent opti-cal properties, geometry of illumination, and processes of transmission and reflection by the sea surface and sea bottom. 12 There are only two principal inherent optical properties: an absorption coefficient a and an angular scattering coefficient ␤͑͒ ͑here is a scattering angle͒. 20 All other inherent optical properties are functions of a and ␤͑͒ including the phase function of scattering, p͑͒ ϵ ␤͑͒͞b; the scattering coefficient
the beam attenuation coefficient, c ϭ a ϩ b; the single-scattering albedo, 0 ϭ b͞c; the probability of backscattering,
the backscattering coefficient, b B ϭ bB; and Gordon's parameter,
The model presented here has been constructed and tested for more than a decade. 12, 13, 15, 17 It represents a unified representation of time-proved results that have been published by several researchers. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [21] [22] [23] [24] [25] [26] [27] [28] [29] 
A. Model of Absorption
The absorption model is based on chlorophyll concentration and two components of a yellow substance: fulvic and humic acids. The splitting of the yellow substance on two components is practically justified for two reasons. First, it makes this model universal for all biologically stable ͑i.e., case 1 and parts of case 2͒ waters. Second, it permits models in the future to include effects of fluorescence by DOM in a more consistent manner.
The absorption coefficient a͑͒ ͑m Ϫ1 ͒ of seawater is taken to be 30,31
where a w ͑͒ is the pure water absorption coefficient in inverse meters, is the vacuum wavelength of light in nanometers, a c 0 ͑͒ is the specific absorption coefficient of chlorophyll in inverse meters, C c is the total concentration of chlorophyll in milligrams per cubic meter ͑C 
where
B s is the probability of backscattering by small particles, B l is the probability of backscattering by large particles, b w ͑͒ is the scattering coefficient by pure water in inverse meters, b s 0 ͑͒ and b l 0 ͑͒ are, respectively, the specific scattering coefficients in square meters per gram for small and large particulate matter; C s and C l are, respectively, concentrations in grams per cubic meters of small and large particles. The equation for b w ͑͒ is derived by interpolating the data published by Morel and Prieur 8 :
The spectral dependencies for scattering coefficients of small and large particulate matter are given by 5, 12 b s 0 ͑͒ ϭ 1.151302 ͑m
Expressions for the phase functions of scattering by small and large particles, p s ͑͒ and p l ͑͒, are given below. The phase function of scattering was derived earlier by Kopelevich 5 from results of in situ measurements and modeling calculations. This phase function was proposed in tabular form 5 as part of a physical model of light scattering in seawater. The Kopelevich model expresses the total hydrosol scattering function as a linear combination of two phase functions, p s and p l . The phase function p s describes scattering by a small terrigenic fraction of particles The phase function p l describes scattering by large particles associated with a biogenic fraction of marine hydrosol ͑phytoplankton͒. The total hydrosol angular scattering coefficient is expressed as
The small-and large-component phase functions in Eq. ͑8͒ can be expressed by the following regressions derived in Ref. 21 : (corrected 8/14/00) (9) where is the scattering angle in degrees. The coefficients s n and l n are given in Table 1 .
The seawater angular scattering coefficient is a linear combination of a Rayleigh phase function of scattering p R and hydrosol phase functions p s and p l :
Equations ͑1͒-͑11͒ permit us to compute inherent optical properties of seawater a, b, b B , and ␤͑, ͒ as functions of wavelength and five concentrations, C c , C h , C f , C s , C l , of dissolved and suspended matter.
Relationships between Concentrations
Results of in situ measurements of BioSt seawater optical properties show that in a majority of cases any two formally independent optical properties correlate with each other. In laboratory experiments and in situ measurements by Timofeyeva, 11,22-25 the diffuse attenuation coefficient correlates with the singlescattering albedo and the diffuse reflection coefficient. Processing all Petzold phase functions 21, 26 shows that the parameters of these phase functions correlate with a scattering coefficient and a singlescattering albedo. In Morel and Gordon 9,10 the following correlation is proposed to estimate the chlorophyll concentration C r in the upper ocean layer:
where R͑͒ is a diffuse reflectance at wavelength . All these dependencies indicate that we can choose a single parameter to characterize all inherent optical properties. The optical model given by Eqs. ͑1͒-͑11͒ depends on five parameters:
A one-parameter model implies that we can express any four of these concentrations through a chosen fifth one. It is convenient to choose the chlorophyll concentration C c as our main parameter. To derive four dependencies that express four concentrations, C h , C f , C s , C l , through a chlorophyll concentration C c we minimized the following five-dimensional functional:
ͯ . (13) The dependence of R ϭ R ϱ on a and b B in Eq. ͑13͒ is taken from Eq. ͑64͒ of Ref. ͓Fig. 1͑a͔͒ to this problem is presented in the form of four dependencies:
It is possible to explain why components of yellow substance, C f , C h , and concentration of large phytoplankton particles C l , correlate with the chlorophyll concentration C c . It is not clear why the concentration of small particles C s should correlate with chlorophyll concentration. In fact, C s is more likely to be independent of C c , but its values are so small that its inclusion in the form of Eqs. ͑14͒ will cause minor effects on values of inherent optical properties.
To check a consistency of a model the dependence between a color index I c ͑R͒ and chlorophyll concentration C c was calculated. For the calculation of the color index I c the following more general equation for diffuse reflectance under combined illumination by Sun and sky have been used 13, 27 :
where 0 Յ q Յ 10 is a ratio of illumination by the Sun to the illumination by the sky, 19,27 h s is a solar elevation angle, n w Ϸ 4͞3 is the water refractive index. The computations have been made for all ranges of q; chlorophyll concentrations, 0 Յ C c Յ 12 mg͞m 3 ; and solar elevation angles, 5°Յ h s Յ 90°. The computed regression ideally coincides with the left-hand side of Eqs. ͑12͒ and is shown in Fig. 2. 
Validation
To validate a one-parameter model of seawater optical properties, the following tests have been done: By use of the presented model and the theory of Ref. 13 , linked arrays of a single-scattering albedo and asymptotic diffuse attenuation coefficients were calculated for the range of chlorophyll concentrations, 0 Յ C c Յ 12 mg͞m 3 . The computed dependence between the diffuse attenuation coefficient and single-scattering albedo and the similar experimental dependence published by Timofeyeva 11 are shown in Fig. 3 . These dependencies are close and lie in the range of experimental error. It is possible to conclude now that the presented one-parameter optical model of seawater inherent optical properties gives a good description of optical properties for chlorophyll concentrations as high as 12 mg͞m 3 . It is applicable to the open ocean waters and to the biologically pure coastal waters where inorganic components correlate with chlorophyll content.
Relationships between Inherent Optical Properties
A set of coupling equations ͓Eqs. ͑14͔͒ between concentrations of seawater species gives a oneparameter model of seawater optical properties. The one-parameter model implies that any fixed inherent optical property may be used as a parameter. For example, if we were to choose a scattering coefficient as such a parameter, we could formulate a one-parameter model of sea optical properties based on a scattering coefficient b͑͒ at a certain wavelength . Let us use ⌬b, ⌬b B , the differences between scattering and backscattering coefficients of seawater and pure water,
as regression parameters, where b w ͑͒ is given by Eq. ͑5͒. In this case the following relationships can be derived:
Equations ͑19͒-͑21͒ are derived and valid for the wavelengths in the interval 380 Յ Յ 720 nm. Coefficients jn , ␥ jn , jn are in Table 2 . Equations ͑19͒- This model may be applicable for case 1 waters and part of case 2 waters with optical properties in stable biological equilibrium ͑BioSt waters͒. This model is not applicable for case 2 ͑coastal͒ waters with a sandy and͞or a dirty bottom, especially during several days after stormy weather conditions. To describe such waters some modifications, such as inclusion of scattering by quartz particles, 35 should be made.
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Erratum
The scattering angle ϑ in Eq. (4) and Eq. (9) in Ref. [1] is, correspondingly, regarded as measured in radians and degrees. This may lead to a confusion during integrations. The correctly normalizable version of Eqs. (9) should be: 
here s n and l n are given in Tab. 1 of Ref. [1] . Equations (1) differs from Eqs. (9) of Ref. [1] by numerical coefficients before exponents. Both phase functions (1) are normalized according to the formula:
where θ is in radians. The backscattering probabilities for phase functions given by Eq. (1) are calculated through the following relationship:
This erratum causes no changes in the conclusions made in Ref. [1] . In the FORTRAN code given in Ref. [2] the following two lines should be corrected: in the function fpsmall the line "fpsmall = 5.61746*EXP(x)" should be replaced by the line: "fpsmall = EXP(3.95879 + x)," and in the function fplarge the line "fplarge = 188.371*EXP(x)" should be replaced by the line "fplarge = EXP(8.942945 + x)".
Comparison with independently measured experimental data
The code presented in Ref. [2] was used to compare predictions given by the model proposed in Ref. [1] with the experimental values of optical properties measured by Petzold [3] and Mankovsky [4] . The code in Ref. [2] . The relatively low regression coefficient here is a result of ignoring absorption by detritus and using specific absorption coefficients by chlorophyll and yellow substances averaged over species.
The comparison of restored and originally calculated values of backscattering probability (see Fig. 3 ) shows a linear dependence with the proportionality coefficient different from unity: 
Provided that the chlorophyll based model gives excellent predictions for scattering coefficient and acceptable predictions for absorption coefficient and knowing computational methods behind B restored and B original it is possible to explain why k B in Eq. (4) is not equal to 1.
The phase functions (1) used in chlorophyll-based model [1] are results of Mie calculations of light scattering on a two fractions of scattering particles. The size distributions of these fractions were obtained from analysis of vast experimental data measured by Shirshov Institute of Oceanology. The integration of computed phase functions (1) is done correctly. By integrating experimental phase functions [3, 4] at small angles of scattering both authors used cubic polynomial extrapolation. The Mie scattering calculations show that the realistic phase function may be represented as: 
